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Figure 2. Channel maps of the C18O (2–1) emission on the low velocity range ([+0.2, +3.0] km s−1). The first contour is at 3! (4.2 mJy beam−1) and the step
is 10!. The synthesized beam is shown by the black ellipse in the bottom-left corner of the first channel (beam: 0.′′53 × 0.′′44). The positions of VLA 1623A,
B, and W are indicated by the white stars and are labelled in the first channel. The magenta contours in the channels from +1.0 km s−1 to +2.2 km s−1 indicate
the outflow cavity walls probed by CS (5–4) emission (25! contour, from Ohashi et al. 2022).The northern, N, and southern, S1 and S2, streamers are labelled.

Figure 3. Channel maps of the C18O (2–1) compact emission around the VLA 1623W protostar (green star) at high red- and blue-shifted velocities, i.e. from
±2 km s−1 to ±4.2 km s−1 with respect to the VLA 1623W systemic velocity (+1.6 km s−1). First contours and steps are 3! (5.4 mJy beam−1). The velocity
offset with respect to "sys(W) is reported in the top right corner of each panel. The black contour is the 3! level of the 1.3 mm continuum emission, which is
also shown by the gray scale background. The synthesized beam (0.′′48 × 0.′′40) is shown in the bottom left corner of the first channel.
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The disk and the streamers of VLA 1623W 5

Source R.A.J2000 Dec.J2000 Ellipse size Position angle !1.3 mm Peak I M∗
dust

(ℎ " #) (◦ ′ ′′) (′′ × ′′) (◦) (mJy) (mJy/beam) (10−4 M&)

A1+A2 16:26:26.3907 ± 0.0013 –24.24.30.934 ± 0.017 0.49 (±0.01) × 0.33 (±0.01) 74 ± 20 158 ± 14 71 ± 4 1.6±0.8
B 16:26:26.3063 ± 0.0001 –24.24.30.787 ± 0.002 0.32 (±0.04) × 0.16 (±0.03) 43 ± 5 121 ± 2 80 ± 1 1.2±0.6
W 16:26:25.6312 ± 0.0002 –24:24:29.669 ± 0.005 0.71 (±0.01) × 0.12 (±0.02) 10.0 ± 0.8 59 ± 1 23.7 ± 0.3 0.6±0.3

Table 1. Peak coordinates, ellipse size, position angle, integrated and peak intensity of the continuum emission at 1.3 mm towards sources A1+A2, B, and W.
(∗) The dust mass, Mdust, is derived from the integrated intensity assuming a dust temperature of 20 − 50 K.

et al. 2018). The magenta contour indicates the 25! level of the CS(5–
4) emission integrated on the velocity interval 3.4 – 4.2 km s−1, which
probes the outflow cavity walls associated with VLA 1623A (from
Ohashi et al. 2022). The C18O emission probes the circumbinary disk
and the envelope around the A1+A2 binary system and the outflow
cavity walls first identified through CS (5–4) emission (Ohashi et al.
2022). C18O (2–1) also traces a bright elongated structure south of
the circumbinary disk. Moreover, C18O shows emission towards the
VLA 1623W disk continuum, as well as an elongated structure to the
North and to the South of W, roughly along the disk position angle.
This elongated emission cannot be due to a jet or an outflow as it is
not perpendicular to the disk PA.

To analyse the spatial distribution and kinematics of the differ-
ent emitting components, we examine the channel maps of C18O
(see Figs. 2-3). At low velocities, i.e. between +0.2 km s−1 and +3.0
km s−1, C18O emission extends on large scales (> 2′′ from the con-
tinuum peak of VLA 1623W) and shows arc-like structures (hereafter
called streamers) which elongate up to > 1000 au distances from VLA
1623W connecting with the emission detected towards VLA 1623A
and B (Fig. 2). The spatio-kinematical properties and the origin of the
C18O low-velocity emission is discussed in Sect. 3.2.2. In contrast,
the emission at high velocities, i.e. between −2.6 and −0.4 km s−1,
and +3.6 and +5.8 km s−1, is compact (< 1 ′′ from the VLA 1623W
continuum peak) and shows a velocity gradient along the PA of the
dusty disk (Fig. 3). This compact high-velocity emission probes the
molecular gas in the disk of VLA 1623W and is discussed next, in
Sect. 3.2.1.

3.2.1 The gas towards the disk of VLA 1623W

Figure 4 (panels c & d) shows the moment 0 and moment 1 maps
of C18O (2–1) emission towards VLA 1623W integrated up to high-
velocities (from –2.6 km s−1 to +5.8 km s−1). In this case, only the
combined 12-m array is used to minimise contamination from the
large scale emission. The continuum emission at 1.3 mm is shown by
black contours. A velocity gradient along the disk PA (as derived from
the continuum fit, PAdisk ∼ 10◦) is observed at a ∼ 50 au scale. The
moment 1 map indicates that the systemic velocity of VLA 1623W
is Vsys(W) ( +1.6 km s−1, as it corresponds to the central velocity
of the range where compact blue-shifted and red-shifted emission is
detected and to the mean velocity at the peak continuum emission.
In agreement with Murillo et al. (2013), our C18O map indicates
that the systemic velocity of VLA 1623W is different from that of
VLA 1623A and B (+3.8 km s−1, Ohashi et al. 2022). The channel
maps in Fig. 3 complement the information on the gas kinematics
towards the disk of VLA 1623W, showing the high velocity emission
at symmetric blue-shifted and red-shifted velocities with respect to
Vsys(W) [from ("LSR − "sys) ( ±2 km s−1 to ("LSR − "sys) ( ±4.2
km s−1]. The channels maps of the emission at lower velocity, i.e.
from "sys to ±1.8 km s−1 with respect to systemic, are shown in the
Appendix (Fig. A1), and shows that at low velocities the kinematics

of the gas in the disk is contaminated by emission from the streamers
mapped on larger scales in Fig. 2 and panels a) and b) of Fig. 4.
In the channel maps at high velocities, instead, the peaks of the
blue- and red-shifted emission are located along the disk major axis,
and the emission is more compact and peaks at smaller distances
for increasing velocities with respect to Vsys(W) as expected in a
Keplerian rotating disk.

The previous molecular line study towards VLA 1623W (Murillo
et al. 2013) showed only C18O(2–1) blueshifted emission towards
the northern disk side, plausibly due to lower sensitivity. Indeed, we
find that the blue-shifted disk side is brighter than the red-shifted
one up to velocities of ±2.6 km s−1 with respect to systemic, likely
due to contamination from the extended streamers observed at larger
scales (see Sect. 3.2.2). At higher velocities the emission from each
disk side is symmetric. We therefore use the emission in the channels
at radial velocities of ± 2.8 and ± 3.0 km s−1 to derive an estimate
of the VLA 1623W dynamical mass, #dyn. The emission in these
channels peak at a radial distance of 0.′′37 and 0.′′33. By assuming
Keplerian motion we estimate a dynamical mass,

#"#$ = $
"2

%
(2)

where $ and " are the distance and velocity of the blue- and red-
shifted peaks, deprojected for the disk inclination of 80◦. The esti-
mated dynamical mass is 0.45 ± 0.08 M& .

The discovery of molecular emission towards the edge-on source
W makes it a good candidate to investigate the gas vertical structure
on scales < 50 au, as recently performed for highly inclined proto-
planetary disks by Louvet et al. (2018); Teague et al. (2020); Podio
et al. (2020). This is key to investigate the chemical composition of
the disk in the region where planets are expected to form.

3.2.2 The streamers connecting VLA 1623W with the A+B system

Figure 2 shows the channel maps of C18O (2–1) emission at low ve-
locities, i.e., between +0.2 km s−1 and +3.0 km s−1. Three streamers
connecting VLA 1623A and B with VLA 1623W are observed: one
in the northern VLA1623 region, labeled as N, the other two in the
southern region labeled as S1 and S2 and detected on velocities of
[+1.2, +1.8] km s−1, and [+2.0, +2.8] km s−1, respectively. Figure
4 shows the moment 0 (panel a) and moment 1 (panel b) maps ob-
tained for the low velocity range ([+0.2, +3.0] km s−1). Both figures
use the 12-m + 7-m dataset. The northern streamer partially overlaps
with the North-West blueshifted cavity wall opened by the outflow(s)
driven by VLA 1623A (see the yellow/white contours, from Ohashi
et al. 2022). At distances from VLA 1623A larger than ∼ 1000 au,
the molecular emission bends towards the south until it connects to
the northern side of the VLA 1623W disk. In the southern region,
the streamer S1 overlaps with the South-West cavity wall opened by
the outflow(s) driven by VLA 1623A. The streamer S2, on the other
hand, connects the envelope surrounding VLA 1623A and B with
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Source R.A.J2000 Dec.J2000 Ellipse size Position angle !1.3 mm Peak I M∗
dust

(ℎ " #) (◦ ′ ′′) (′′ × ′′) (◦) (mJy) (mJy/beam) (10−4 M&)

A1+A2 16:26:26.3907 ± 0.0013 –24.24.30.934 ± 0.017 0.49 (±0.01) × 0.33 (±0.01) 74 ± 20 158 ± 14 71 ± 4 1.6±0.8
B 16:26:26.3063 ± 0.0001 –24.24.30.787 ± 0.002 0.32 (±0.04) × 0.16 (±0.03) 43 ± 5 121 ± 2 80 ± 1 1.2±0.6
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Figure 2. Channel maps of the C18O (2–1) emission on the low velocity range ([+0.2, +3.0] km s−1). The first contour is at 3! (4.2 mJy beam−1) and the step
is 10!. The synthesized beam is shown by the black ellipse in the bottom-left corner of the first channel (beam: 0.′′53 × 0.′′44). The positions of VLA 1623A,
B, and W are indicated by the white stars and are labelled in the first channel. The magenta contours in the channels from +1.0 km s−1 to +2.2 km s−1 indicate
the outflow cavity walls probed by CS (5–4) emission (25! contour, from Ohashi et al. 2022).The northern, N, and southern, S1 and S2, streamers are labelled.

Figure 3. Channel maps of the C18O (2–1) compact emission around the VLA 1623W protostar (green star) at high red- and blue-shifted velocities, i.e. from
±2 km s−1 to ±4.2 km s−1 with respect to the VLA 1623W systemic velocity (+1.6 km s−1). First contours and steps are 3! (5.4 mJy beam−1). The velocity
offset with respect to "sys(W) is reported in the top right corner of each panel. The black contour is the 3! level of the 1.3 mm continuum emission, which is
also shown by the gray scale background. The synthesized beam (0.′′48 × 0.′′40) is shown in the bottom left corner of the first channel.
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ABSTRACT
More than 50% of solar-mass stars form in multiple systems. It is therefore crucial to investigate how multiplicity affects the
star and planet formation processes at the protostellar stage. We report continuum and C18O (2–1) observations of the VLA
1623-2417 protostellar system at 50 au angular resolution as part of the ALMA Large Program FAUST. The 1.3 mm continuum
probes the disks of VLA 1623A, B, and W, and the circumbinary disk of the A1+A2 binary. The C18O emission reveals, for the
first time, the gas in the disk-envelope of VLA 1623W. We estimate the dynamical mass of VLA 1623W, "dyn = 0.45 ± 0.08
M! , and the mass of its disk, "disk ∼ 6 × 10−3 M! . C18O also reveals streamers that extend up to 1000 au, spatially and
kinematically connecting the envelope and outflow cavities of the A1+A2+B system with the disk of VLA 1623W. The presence
of the streamers, as well as the spatial (∼1300 au) and velocity (∼2.2 km/s) offset of VLA 1623W suggest that either sources W
and A+B formed in different cores, interacting between them, or that source W has been ejected from the VLA 1623 multiple
system during its formation. In the latter case, the streamers may funnel material from the envelope and cavities of VLA 1623AB
onto VLA 1623W, thus concurring to set its final mass and chemical content.

Key words: ISM: kinematics and dynamics – ISM: molecules – stars: formation – ISM: individual objects: VLA 1623–2417

★ E-mail: seyma.mercimek@inaf.it

1 INTRODUCTION

Observational studies of solar-mass star forming regions indicate a
high fraction of multiplicity, ∼ 30%−50% (e.g., Duchêne et al. 2007;
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the southern side of the VLA 1623W disk extending towards the
South. In summary, the S1 and S2 streamers have both different spa-
tial distribution and different velocities, therefore they are labelled as
different streamers.

The velocities of the observed streamers are consistent with those
of the outflow cavities and the envelope probed by CS(5–4) and
H13CO+ emission by Ohashi et al. (2022, see their Fig. 12, 13, and
16), and with the velocities of the VLA 1623W disk: the blueshifted
outflow cavity/streamer north of VLA1623A connects with the north-
ern blueshifted side of the VLA 1623W edge-on disk, while the red-
shifted outflow cavity/streamer south of VLA 1623A connects with
the southern redshifted side of the VLA 1623W disk. This indicates
that the protostellar sources A and W are kinematically linked. In ad-
dition, the moment 1 map of C18O shows a velocity gradient along
the southern streamer having larger redshifted velocities (by ∼ 1 km
s−1) at the connection with the VLA 1623W disk with respect to the
portion of streamer connected with the VLA 1623A+B envelope. On
the contrary, no clear velocity gradient is observed along the northern
streamer. The lack of a velocity gradient along the northern streamer
may indicate that the gas motion occurs in the plane of the sky (Alves
et al. 2020).

4 DISCUSSION: ON THE ORIGIN OF VLA 1623W

The FAUST ALMA observations of the multiple system VLA 1623
reveal for the first time the gas kinematics towards the more distant
component, VLA 1623W. Specifically, C18O (2-1) emission probes
the following structures: (i) the molecular gas in the disk of VLA
1623W with Keplerian motion on 50 − 100 au scales, constraining
the protostellar mass (M!"# ∼ 0.45 M#); (ii) streamers which extend
on scales > 1000 au and connect spatially and kinematically the two
sides of the edge-on disk of VLA 1623W (PAdisk ∼ 10◦, ! ∼ 80◦,
"disk ∼ 6×10−3 M#) with the envelope associated with VLA 1623A
and B.

Molecular streamers have been observed in other multiple sys-
tems, e.g., between the components of IRAS 16293-2422 separated
by a distance of & 400 au (Pineda et al. 2012; Jacobsen et al. 2018;
van der Wiel et al. 2019; Murillo et al. 2022). In the case of VLA
1623, however, the large spatial (∼ 1300 au) and kinematic (∼ 2.2
km s−1) offset between VLA 1623AB and VLA 1623W suggest that
VLA 1623W does not belong to the same molecular core as VLA
1623AB. On the other hand, the molecular streamers connecting the
disk of VLA 1623W with the envelope/cavities of VLA 1623A and
VLA1623B suggest that VLA 1623W is not a background or fore-
ground object. In this context, there are two possible scenarios: (1)
VLA 1623W has formed in a core which is close by and gravitation-
ally interacting with the envelope of VLA 1623AB; (2) VLA 1623W
was ejected from the multiple system composed by A1, A2, and B
due to dynamical interactions during the system’s formation, as first
proposed by Murillo et al. (2013).

4.1 Hypothesis 1: formation in a separate core

In the first scenario the observed streamers are produced by the in-
teraction of multiple cores in the Ophiuchus A star-forming region
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1623A+B and VLA 1623W are located in adjacent ridges (see Figs.
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In the second scenario the protostellar source VLA 1623W formed
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stage of VLA 1623W (Class I) could be due to the loss of most
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the ones observed in C18O (e.g., UX Tau, Ménard et al. 2020; Zapata
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indicate that W and AB interacted recently forming the diametrically
opposed spiral arms during the encounter. In this scenario the two
southern arcs detected in the moment 1 map (S1 and S2) would not
be associated to the encounter between W and the AB system. More
in general, assuming that at least one of the streamers was produced
by the dynamical interaction during the ejection of VLA 1623W,
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ABSTRACT

In this Letter we report Very Long Baseline Array observations of 22 GHz water masers toward the protostar CARMA–6, located
at the center of the Serpens South young cluster. From the astrometric fits to maser spots, we derive a distance of 440.7±3.5 pc for
the protostar (1% error). This represents the best direct distance determination obtained so far for an object this young and deeply
embedded in this highly obscured region. Taking depth e�ects into account, we obtain a distance to the cluster of 440.7± 4.6 pc. Stars
visible in the optical that have astrometric solutions in the Gaia Data Release 3 are, on the other hand, all located at the periphery of
the cluster. Their mean distance of 437+51

�41 pc is consistent within 1� with the value derived from maser astrometry. As the maser
source is at the center of Serpens South, we finally solve the ambiguity of the distance to this region that has prevailed over the years.

Key words. astrometry – water masers – star forming regions – Serpens South – stars: low-mass – techniques: interferometric

1. Introduction

The Serpens South region hosts a rich protostellar cluster that
was discovered by Gutermuth et al. (2008) from Spitzer imaging.
The cluster is embedded in a massive molecular filament (André
et al. 2010; Tanaka et al. 2013) and contains approximately 400
young members (see the recent work by Sun et al. 2022), of which
very few are visible in the optical (Herczeg et al. 2019). Since its
discovery, this protocluster has become a favorite target for obser-
vations of young stars in the earliest phases of their development
(e.g., Maury et al. 2011) and studies of related phenomena, such
as molecular gas kinematics (e.g., Fernández-López et al. 2014;
Friesen et al. 2016; Dhabal et al. 2018), protostellar outflows
(Plunkett et al. 2015), and magnetic fields (Pillai et al. 2020).
Serpens South is the most active region, in terms of star forma-
tion, projected in the direction of a larger complex of molecular
clouds known as the Aquila Rift (or the Serpens-Aquila Rift). In
the vicinity of Serpens South (⇠ 200 to the east) resides the W40
region (Westerhout 1958), which hosts an HII region, hundreds
of candidate young stars (e.g., Povich et al. 2013; Sun et al. 2022),
and several OB stars (Shuping et al. 2012). The well-studied Ser-
pens Main molecular cloud is located about 3 degrees north of
Serpens South and is also an active star-forming region in the
Serpens-Aquila Rift (see the review by Eiroa et al. 2008).

The distance to the Serpens South cluster has been debated
over the years. Early works assumed a distance of 260 pc, the
estimated distance to the front clouds in the line of sight toward
the Aquila Rift (Strai�ys et al. 2003, see also the discussion by
Dzib et al. 2010). However, later measurements of the distance
to star-forming regions within the Aquila Rift, including Serpens
South, are in the range ⇡ 380� 480 pc (Dzib et al. 2010; Ortiz-

León et al. 2017; Herczeg et al. 2019; Zucker et al. 2019). For
instance, Herczeg et al. (2019) reported distances to subclusters
and dark clouds in the Aquila Rift based on Gaia Data Release
2 (DR2) data and star counts. These authors found distances of
438±11, 478±6, 383±2, and 407±16 pc for Serpens Main, Ser-
pens Northeast, Serpens Far-South, and LDN 673, respectively.
In addition, they reported larger distances of ⇠500-700 pc for
the dark clouds (which they refer to as the Aquila Rift) located
northeast and southwest of the active star-forming regions.

More recently, Anderson et al. (2022) used Gaia Early Data
Release 3 (EDR3) data from the Serpens South and W40 regions
and arrived at a mean distance of 455 ± 50 pc for this region.
We note that this is currently the most direct estimation of the
distance to the Serpens South cluster, as it is directly derived
from the parallaxes. However, the error bar is large and reflects
the dispersion on the parallax measurements, as these regions
are highly obscured at the Gaia bands. On the other hand, Ortiz-
León et al. (2018) measured Very Long Baseline Array (VLBA)
parallaxes of eight radio continuum sources in the star-forming
regions Serpens Main and W40, both within the Aquila Rift,
resulting in a mean distance of 436.0±9.2 pc.

It is important to note that, using the VLBA, Ortiz-León
et al. (2017) and Ortiz-León et al. (2018) did not detect any
radio continuum sources associated with the Serpens South re-
gion. However, based on Gaia DR2 parallaxes to two stars in the
outskirts of the Serpens South region and their similar values
to the VLBA parallaxes of Serpens Main and W40 stars, Ortiz-
León et al. (2018) conclude that the three regions reside at the
same distance. On the other hand, estimations based on studies
of the X-ray luminosity function of Serpens South have placed
this region at the significantly closer distance of 260 pc (Winston
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Serpens-Aquila Rift (see the review by Eiroa et al. 2008).
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Fig. 2: Spatial distribution of the water maser spots. The numbers in the corners indicate the velocity channel in km s�1. The symbols
are color-coded by epoch (see the figure legend). The spots used for the astrometric fits are filled with crosses (see Sect. 3.2).

(a) (b) (c)

Fig. 3: Astrometric fits to water maser spots detected in the velocity range VLSR = 9.76 to 10.81 km s�1. (a) Measured absolute spot
positions, shown as blue squares. The dashed black line is the fitted model. Expected positions from the best-fit model are shown as
black dots. (b) Measured positions and best-fit model after proper motions are removed. (c) Residuals of the astrometric fit in RA
(top panel) and Decl. (bottom panel).

4.2. Proper motions

Figure C.3 shows the proper motions of the maser source and
the Gaia sources. The Gaia sources have a mean value of
(µ↵ cos �, µ�) = (0.37,�6.06) mas yr�1, with a mean error
of 0.2 mas yr�1. We also show proper motions of five radio con-
tinuum sources in W40 derived by Ortiz-León et al. (2018). The
maser source has a proper motion di�erent from the motion of
the Gaia sources located in the west of the Serpens South region.
This is expected since the maser emission arises from gas that
may be moving along a jet or along a disk wind (Moscadelli

et al. 2022) associated with CARMA–6. We note that the direc-
tion of the maser proper motion is close to perpendicular to the
large-scale molecular outflow, which is oriented in the southeast-
northwest direction (see Fig. 3 in Ortiz-León et al. 2021). This
suggests that the masers are most likely associated with a disk
wind. We will investigate this in a forthcoming paper.

On the other hand, the motions of most Gaia sources are larger
in magnitude than the expected proper motion due to Galactic
rotation (see, e.g., Dzib et al. 2017) for objects at the location
of the Serpens South and W40 regions. The expected proper
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motion is shown as a black arrow in Fig. C.3 and has values of
µ↵ cos � = 0.83 and µ� = �5.18 mas yr�1.

To obtain proper motions of sources in the rest frame of
the molecular cloud complex, we had to remove the expected
proper motion from Galactic rotation. We used a rotation veloc-
ity for the LSR of ⇥0 = 239 km s�1, a distance to the Galactic
center of R0 = 8.3 kpc (Brunthaler et al. 2011), and a So-
lar motion of U0 = 11.10 km s�1, V0 = 12.24 km s�1, and
W0 = 7.25 km s�1 (Schönrich et al. 2010). The resulting stellar
motions from this subtraction are shown in Fig. 4. We note that
in this figure sources in the west of Serpens South have proper
motions mostly pointing toward the south, whereas sources in
the east of W40 have RA proper motions mostly pointing toward
the west. This may result from an interaction between W40 and
Serpens South. The proper motions of stars in W40 have mag-
nitudes ⇡ 2 mas yr�1, which correspond to tangential velocities
⇡ 4 km s�1for a distance of 440.7 pc.

Shimoikura et al. (2019) suggest that an outer expanding
shell created by the W40 HII region is interacting with the dense
gas associated with the Serpens South young cluster, and that
this interaction induced star formation in the cluster (see also
Nakamura et al. 2017). Shimoikura et al. (2019) estimate an
expansion velocity for the shell of ⇠3 km s�1. This is similar
to the magnitude of the velocity of the Gaia sources in W40
(⇡ 4 km s�1). However, we see in Fig. 4 that the Gaia sources
at the westernmost side of Serpens South belong to “filament A”
traced by C18O at 6 km s�1(see Fig. 12 of Shimoikura et al. 2019),
and the model shown in their Fig. 18 suggests that this filament
is not interacting with the outer boundary shell of the W40 HII
region. In Appendix C all Gaia stars with $/�$ < 5 were
excluded, a few of which were close to the Serpens South main
filament. Thus, the origin of these motions could be investigated
with higher precision astrometric data.

5. Conclusions
We performed VLBA observations of 22 GHz masers arising
from the protostar CARMA–6 in the Serpens South cluster. The
high precision astrometry to maser spots allowed us to derive
a distance of 440.7±3.5 pc for this object. This protostar is at
the heart of the cluster, whose young members are concentrated
within molecular filaments (e.g., Sun et al. 2022) that extend
over an area of ⇠ 200 ⇥ 100 on the sky (⇠ 2.6 pc ⇥ 1.3 pc at
d = 440 pc). The depth of the cluster could be ⇠3 pc, assuming
the main filament has a length along the line of sight similar to
its length on the sky. We added in quadrature this value to the
formal uncertainty and conservatively determine the distance to
the young cluster to be 440.7±4.6 pc.

This result rules out shorter distances suggested in recent
works (e.g., Winston et al. 2018 and Podio et al. 2021). In ad-
dition, it is an improvement over the Serpens South distance
obtained with Gaia DR3 sources in the least dense areas of
the region and an improvement over previous estimates based
on sources in the nearby regions W40 and Serpens Main. Fur-
thermore, our results combined with previous VLBA parallaxes
indicate that Serpens South, W40, and Serpens Main are all phys-
ically associated.
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2010).

gaia/dpac/consortium). Funding for the DPAC has been provided by national
institutions, in particular the institutions participating in the Gaia Multilateral
Agreement.

References
Anderson, A. R., Williams, J. P., van der Marel, N., et al. 2022, ApJ, 938, 55
André, P., Men’shchikov, A., Bontemps, S., et al. 2010, A&A, 518, L102
Brunthaler, A., Reid, M. J., Menten, K. M., et al. 2011, Astronomische

Nachrichten, 332, 461
Curiel, S., Ortiz-León, G. N., Mioduszewski, A. J., & Torres, R. M. 2020, AJ,

160, 97
Dhabal, A., Mundy, L. G., Rizzo, M. J., Storm, S., & Teuben, P. 2018, ApJ, 853,

169
Dunham, M. M., Allen, L. E., Evans, II, N. J., et al. 2015, ApJS, 220, 11
Dzib, S., Loinard, L., Mioduszewski, A. J., et al. 2010, ApJ, 718, 610
Dzib, S. A., Loinard, L., Rodríguez, L. F., et al. 2017, ApJ, 834, 139
Eiroa, C., Djupvik, A. A., & Casali, M. M. 2008, in Handbook of Star Forming

Regions (The Southern Sky Vol. 2), ed. B. Reipurth (San Francisco, CA:
ASP), 693

Fernández-López, M., Arce, H. G., Looney, L., et al. 2014, ApJ, 790, L19
Friesen, R. K., Bourke, T. L., Di Francesco, J., Gutermuth, R., & Myers, P. C.

2016, ApJ, 833, 204
Gaia Collaboration, Vallenari, A., Brown, A. G. A., et al. 2022, arXiv e-prints,

arXiv:2208.00211
Galametz, M., Maury, A. J., Valdivia, V., et al. 2019, A&A, 632, A5
Greisen, E. W. 2003, ASSL, 285, 109
Gutermuth, R. A., Bourke, T. L., Allen, L. E., et al. 2008, ApJ, 673, L151
Herczeg, G. J., Kuhn, M. A., Zhou, X., et al. 2019, ApJ, 878, 111
Kettenis, M., van Langevelde, H. J., Reynolds, C., & Cotton, B. 2006, in As-

tronomical Society of the Pacific Conference Series, Vol. 351, Astronomical
Data Analysis Software and Systems XV, ed. C. Gabriel, C. Arviset, D. Ponz,
& S. Enrique, 497

Kirk, H., Myers, P. C., Bourke, T. L., et al. 2013, ApJ, 766, 115
Lindegren, L. et al. 2018, Gaia Technical Note: GAIA-C3-TN-LU-LL-124-01
Loinard, L., Torres, R. M., Mioduszewski, A. J., et al. 2007, ApJ, 671, 546
Maury, A. J., André, P., Men’shchikov, A., Könyves, V., & Bontemps, S. 2011,

A&A, 535, A77
Maury, A. J., André, P., Testi, L., et al. 2019, A&A, 621, A76

Article number, page 5 of 13

9&
:&
P&
;&
r&
{&
f&
T&
h&
[

A&A proofs� manuscript no. 46369corr

et al. 2018). Following their indirect distance estimation, Win-
ston et al. (2018) suggest that Serpens South is at the front edge
of the Aquila Rift complex, closer than W40 and Serpens Main
and not physically associated with them. Other authors have also
assumed a closer distance (e.g., 250 pc by Maury et al. 2019
and 350 pc by Galametz et al. 2019 and Podio et al. 2021). As
there are no direct distance determinations to the youngest stars
in this region, these results did not resolve the debate regarding
the distance to the Serpens South cluster. However, using incor-
rect distances a�ects the estimates of envelope and disk masses,
as well as of the outflow properties of their stellar members. For
instance, using a distance of 436 pc would increase internal lu-
minosities and envelope masses reported in Maury et al. (2011)
by a factor of 3.

Recently, Ortiz-León et al. (2021) discovered 22 GHz water
maser emission from two protostars in the Serpens South cluster,
CARMA–6 and CARMA–7. These masers o�er an opportunity
to attempt an independent and direct measurement of the distance
to Serpens South. In this Letter we present the results from VLBA
follow-up observations of the 22 GHz water masers associated
with CARMA–6, which we use to derive the distance to the
Serpens South cluster. Section 2 describes the observations and
data calibration. In Sect. 3 we present the astrometric fits. Finally,
our results are discussed in Sect. 4.

2. Observations and data reduction

We observed CARMA–6 with the VLBA during a total of 12
epochs between September 2020 and September 2021 (Table
A.1). Two epochs were reported in Ortiz-León et al. (2021), while
the rest are analyzed here for the first time. The phase center was
at position ↵(J2000) = 18:30:03.538, �(J2000) = –02:03:08.377.
The data were taken at 22.2 GHz with four intermediate frequency
bands of 16 MHz bandwidth each. The third band was centered
at the 61,6 � 52,3 H2O transition (rest frequency 22,235.080
MHz) and correlated with a spectral resolution of 15.625 kHz,
corresponding to a resolution of ⇠0.2 km s�1 in velocity.

We performed fast-switching observations between our tar-
get and the phase reference calibrator J1824+0119 (↵(J2000)
= 18:24:48.143436, �(J2000) = +01:19:34.20183), switching
sources every ⇡30 seconds. Additional 30-minute blocks of cali-
brators distributed over a wide range of elevations were observed
at 23.7 GHz every ⇡2 hours.

The data were calibrated with the Astronomical Imaging Sys-
tem (AIPS; Greisen 2003), using the ParselTongue scripting in-
terface (Kettenis et al. 2006) and following standard procedures
for phase-referencing observations (e.g., Reid et al. 2009). As the
masers were variable in both flux density and velocity (see Sect.
3.1), we opted to derive the fringe-fitting solutions from the scans
on the phase-reference calibrator and then applied the solutions
to the target. The calibrated data were imaged in individual chan-
nels using 4096 ⇥ 4096 pixels and a pixel size of 50 µas. The
sensitivities and beam sizes of the resulting data cubes are given
in Table A.1. Spot positions and fluxes were determined by fitting
a Gaussian to the brightness distribution at individual channels
using the AIPS task jmfit. We note that the expected statistical
positional errors are on the order of 70 µas for emission detected
at S/N=5.

Fig. 1: Averaged VLBA spectra of the water maser emis-
sion observed toward CARMA–6. They were obtained by in-
tegrating over the area that covers all detected spots, and their
epochs are indicated in the legends. The vertical dashed line at
VLSR=8 km s�1 marks the systemic velocity of the cloud.

3. Results
3.1. Maser spots

Spectra of water emission from CARMA–6 are shown in Fig. 1,
where the x-axis represents the radial velocity with respect to the
local standard of rest (LSR),VLSR. The spectra display three main
velocity components, at VLSR ⇡ 8.5, 11, and 13 km s�1, that
change over time and are redshifted with respect to the systemic
velocity of the cloud, Vsys ⇡ 8 km s�1 (Kirk et al. 2013; Plunkett
et al. 2015). The 8.5 km s�1 component disappeared after our
observation in October 2020, while the other two components
became brighter than before. Overall, the intensity of the emission
starts declining after the maximum reached in September 2021.

Figures 2 and A.1 show the distribution of the spot posi-
tions measured with jmfit at individual velocity channels dur-
ing all observed epochs. At velocities from VLSR = 9.76 to
10.81 km s�1, we clearly see that the spots describe a helical
motion due to the combined e�ect of the parallax and proper
motion. From VLSR = 11.02 to 13.34 km s�1 the detection of
many spots per epoch hampers the identification of motion of
individual spots. It is not clear why many more maser spots (and,
correspondingly, the highest maser intensity) appear at these ve-
locities, but this suggests that the water masers could be excited
in internal shocks of the redshifted flow emerging from the pro-
tostar. Outside the 9.76� 13.97 km s�1velocity range, the spots
persist over fewer epochs due to variability.

3.2. Astrometric fits

To perform the astrometric fittings, following Sanna et al. (2017),
we first selected maser spots that persist for five epochs or more
and that can be distinguished as isolated maser centers. We note
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Abstract 

 The opening angles of some protostellar outflows appear too narrow to match the expected 

core-star mass efficiency !"# = 0.3 − 0.5,  if outflow cavity volume traces outflow mass, with a 

conical shape and a maximum opening angle near 90 degrees. However, outflow cavities with 

paraboloidal shape and wider angles are more consistent with observed estimates of the SFE.  This 

paper presents a model of infall and outflow evolution based on these properties.  The initial state 

is a truncated singular isothermal sphere which has mass ≈ 1	-⨀,  free fall time ≈ 80	kyr,  and 

small fractions of magnetic, rotational, and turbulent energy.  The core collapses pressure-free as 

its protostar and disk launch a paraboloidal wide-angle wind.  The cavity walls expand radially 

and entrain envelope gas into the outflow.    The model matches SFE values when the outflow 

mass increases faster than the protostar mass by a factor 1-2, yielding protostar masses typical of 

the IMF. It matches observed outflow angles if the outflow mass increases at nearly the same rate 

as the cavity volume.  The predicted outflow angles are then typically ~50 deg as they increase 

rapidly through the stage 0 duration of ~40 kyr.  They increase more slowly up to ~110 deg during 

their stage I duration of ~70 kyr.  With these outflow rates and shapes, model predictions appear 

consistent with observational estimates of typical stellar masses, SFEs, stage durations, and 

outflow angles, with no need for external mechanisms of  core dispersal. 
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SEF = 0.3-0.5という典型値に対し、 
いくつかの分⼦流の開き⾓は狭すぎる。 
→ コアの破壊を開き⾓の⼤きい 
分⼦流によると考えた場合、 

SFEを説明できるか？ ̶> できる. 
その場合、放物線型の分⼦流

コア破壊機構として 
分⼦流だけ考えればよく、 

外部機構(e.g., 輻射)など必要ない。 
⇨ それは現実を無視しているでしょう。 

⾔い⽅として、「コア破壊が分⼦流だけによる場合、 
本研究が⽰した条件であれば、それは機構としてありうる。」くらいが妥当か？ 20
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outflowing gas. The initial envelope gas has the density structure of a singular isothermal sphere 

(SIS; Chandrasekhar 1939, Shu 1977, hereafter S77). It is truncated at radius a by a low-density 

medium of constant pressure.  Its magnetic and rotational energies are at most a few percent of its 

gravitational energy.  They are small enough to neglect in the initial core-scale envelope structure, 

but sufficient to generate a hydromagnetic disk wind during protostar formation (MM12, MH13). 

The envelope velocity dispersion has equal contributions from thermal and microturbulent 

motions, approximating dense core observations in spectral lines of NH% (Chen et al. 2019). The 

relatively low mass of the protostellar jet and the disk are neglected,  and the "protostar-disk 

system" is called the "protostar" for simplicity. The wide-angle outflow cavity associated with the 

disk wind is idealized as a hollow bipolar paraboloid of full opening angle A&'.   

 Figure 1 is a sketch of the model components in the initial state and after half of the initial 

free-fall time.  At this time, the outer radius has contracted by about 10%. The circular black lines 

indicate an infalling mass shell at half the initial radius, with inward radial arrows indicating a 

speed ~ 1 km s-1.  The parabolic shell lines indicate a bipolar outflow shell (Lee et al. 2000, Z19), 

with outward radial arrows indicating shell speed as given in Z19. For simplicity the central 

concentration and flattening of the density structure are not shown.
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Figure 1.  Sketch of IO model components in a plane containing the outflow axis and protostar at 

the center of a spherical initial core. For simplicity the central concentration of the core gas is not 

shown. The left panel shows the initial core. The right panel shows the core components after half 

of a free-fall time, at the end of the Stage 0 phase.  These components include the central protostar 

and disk, an infalling spherical shell at half the initial radius (black), and paraboloidal outflow 

shells (red and blue) due to  wide-angle winds as in Lee et al. (2000), Z16 and Z19.  Each outflow 

shell spans the opening angle A&' evaluated  at the core outer radius.  Inward arrows show the 

radial inward motion of the infalling spherical shell. Outward arrows show the radial motion of 

the paraboloidal outflow shells.  

 

The core evolution depends on the free fall time :$ within its initial truncation radius,  on 

the dispersal time scale :# for envelope mass loss to the outflow, and on the "infall time" :() for 

the outermost shell to fall to the origin.  Here :() > :$ due to dense gas dispersal by the outflow. 

The "dispersal parameter" 8 ≡ :# :$⁄  indicates the relative importance of infall and dispersal. 

 In the following,  section 2.1 derives the protostar mass accretion rate. Section 2.2 derives 

the mass evolution of the protostar, the infalling envelope, and the outflow mass. Section 2.3 

calculates :() by numerical solution of the equation of motion of an infalling shell. Section 2.4 

quantifies the resulting relations between 8, :(), and	0.  Section 2.5 uses these results to predict 

final mass fractions of the protostar, envelope, and outflow as functions of 8.  Section 2.6 describes 

the relative rates of envelope mass flow to the outflow and to the protostar. 

 

2.1.  Protostellar Mass Accretion Rate 

 The protostellar mass accretion rate CD*+ CE⁄  is derived from the rate at which a shell of 

envelope gas falls from its initial radius to accrete onto the protostar. The envelope consists of all 

gas within the initial core boundary which is not in the outflow and not in the protostar.   

 The core free fall time is denoted as :$ from the initial truncation radius F, and as :$,- from 

initial interior shells of radius F′, where 		0 ≤ F′ < F.   The rate of envelope mass loss to the 

outflow is assumed to be CD.)/ CE⁄ = −D.)/ :#⁄ , for consistency with tapered mass accretion 

rates derived from outflow observations (Bontemps et al. 1996, hereafter B96; Curtis et al. 2010), 

protostar surveys (Fischer et al. 2017), and simulations  (Schmeja & Klessen 2004, Vorobyov 
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envelope gas close to the disk.  This entrainment requires more nonradial envelope motion in order 

to join the outflow (MH13 Figures 5 and 6).   In Z16 and Z19 the expanding cavity entrains 

envelope gas at all heights along the cavity wall, as the wall expands radially outward.  Both types 

of entrainment may be consistent with observations (Z19), but radial motions are more compatible 

with the spherically symmetric initial model to be adopted here.  Thus the assumed core geometry 

in Figure 1 is based on radial infall, and on radial expansion of paraboloidal outflow shells. 

 If outflow models  match observed estimates of opening angles and the SFE,  it is also 

important to determine whether such models are consistent with observed protostar and core 

masses, with the durations of their evolutionary stages,  and  with the evolution of their outflow 

angles.  This paper addresses these points with a simple model of infall and outflow (hereafter IO 

model) in  a low-mass dense core.   

 The initial state of the IO model resembles a singular isothermal sphere (SIS; Shu 1977) 

with relatively small fractions of magnetic, rotational, and turbulent energy.  The core collapses 

radially inward to form a disk and protostar, which launch episodic wide-angle wind shells. The 

shells merge and push radially outward into the infalling  envelope (Z16, Z19).   In this model 

radial motions predominate except on the scales of the disk and the cavity-envelope interface, 

which are negligibly small compared to the core scale.   

 The structure of this paper is as follows.  Section 2 derives expressions for the mass 

fractions of the protostar, envelope, and outflow, as functions of time and of the dispersal 

parameter 8 ≡ :# :$⁄ . Here 8 is the dispersal time scale :# normalized by the initial free-fall time 

:$. Section 3 presents the time history of these component masses depending on  8.  Section 4 

describes observed outflow opening angles and presents cavity volume fractions for power-law 

cavity shapes. It predicts outflow angle evolution for a paraboloidal cavity expanding linearly with 

time as in Z19.  Section 5 compares predicted  masses, efficiencies, class durations, and outflow 

angles with observations.  Section 6 summarizes the model. Section 7 discusses and interprets the 

results, and section 8 presents the conclusion.   

 

2.   Infall-Outflow Model 
This infall-outflow model (hereafter "IO model") is an idealized description of a low-mass 

star-forming dense core, with typical initial mass 1	-⨀, temperature 10	K, and radius 6.5 × 10% 

au.  Its mass components include the infalling envelope, the protostellar star-disk system, and the 

Low-mass single starsに限定した１次元の解析的モデル。 
素過程の物理から組み⽴てるのではなく、 

現象論的＆経験的関係を組み合わせているように⾒える。 

特にコア散逸過程の物理が不明
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The core evolution depends on the free fall time :$ within its initial truncation radius,  on 

the dispersal time scale :# for envelope mass loss to the outflow, and on the "infall time" :() for 

the outermost shell to fall to the origin.  Here :() > :$ due to dense gas dispersal by the outflow. 

The "dispersal parameter" 8 ≡ :# :$⁄  indicates the relative importance of infall and dispersal. 
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quantifies the resulting relations between 8, :(), and	0.  Section 2.5 uses these results to predict 

final mass fractions of the protostar, envelope, and outflow as functions of 8.  Section 2.6 describes 

the relative rates of envelope mass flow to the outflow and to the protostar. 

 

2.1.  Protostellar Mass Accretion Rate 

 The protostellar mass accretion rate CD*+ CE⁄  is derived from the rate at which a shell of 

envelope gas falls from its initial radius to accrete onto the protostar. The envelope consists of all 

gas within the initial core boundary which is not in the outflow and not in the protostar.   

 The core free fall time is denoted as :$ from the initial truncation radius F, and as :$,- from 

initial interior shells of radius F′, where 		0 ≤ F′ < F.   The rate of envelope mass loss to the 

outflow is assumed to be CD.)/ CE⁄ = −D.)/ :#⁄ , for consistency with tapered mass accretion 

rates derived from outflow observations (Bontemps et al. 1996, hereafter B96; Curtis et al. 2010), 

protostar surveys (Fischer et al. 2017), and simulations  (Schmeja & Klessen 2004, Vorobyov 

このような観測事実を説明するために作るモデルにおいて、 
さまざまな開き⾓の分⼦流をサンプルしたサーベイデータから導かれる 

経験的な関係をモデルに⼊れることは 
論理⽭盾では？ 

（このような扱いをしている項⽬が多数）
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 The initial core mass is -(0) ≈ 1	-⨀, consistent with Herschel studies of starless 

(prestellar) cores in nearby star-forming regions, including Perseus (Sadavoy et al. 2014, 

Mercimek et al.  2017),  Orion B (Könyves et al. 2020),  and Serpens (Fiorellino et al. 2021).  For 

specificity the value -(0) = 1.05 -⨀ is adopted, to match the initial mass of seven star-forming 

cores with outflows in detailed MHD simulations (MH13).  

 The initial core free-fall time is probably in the range 80-100 kyr according to several 

estimates. Observational estimates include :$ = 100 ± 22 kyr,  the mean ± standard deviation of 

free fall times in 69 Herschel starless dense cores in Perseus (Mercimek et al. 2017) and :$ ≈	90 

kyr from outflow properties (B96).  The MHD simulations of MH13 have mass 1.05 -⨀, 

temperature 10 K, and :$ = 82	kyr. The SIS model and an initial transonic velocity dispersion 0.27 

km s-1 based on NH3 line observations of starless dense cores (Chen et al. 2019) indicate :$ = 91 

kyr and truncation radius 6500 au for the same initial mass and temperature as in MH13.  For 

consistency with the MH13 value, the fiducial time scale :$ = 82	kyr is adopted here.  However 

we caution that this time scale could be as long as ~100 kyr. 

 

3.3.   Mass Evolution for Representative Parameters 

 The mass and time scales adopted above in Section 3.2 are used with the representative 

time scale ratio 81 = 2 M⁄  described in Section 3.1.  They show the evolution of core component 

masses in both normalized and dimensional form in Figure 8.  This choice of 81 = 0.64 is 

intermediate between the values of 8 assumed in Figure 5,  8 = 0.45 (center) and 8 =0.75 (right).  
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Figure 8.  Evolution of core mass fractions U in the protostar (red), in the infalling envelope 

(green), and in the outflow (blue), for a protostellar system with representative dispersal parameter  

81 = 2 M⁄ . The resulting U*+,$ = 0 = 0.44 lies within the usually estimated range 0 =	0.3-0.5.  As 

in Figures 6 and 7,  Q = E :$⁄   is the ratio of accretion age E to core free fall time :$.  The accretion 

age (top x-axis) is based on free-fall time :$ = 82	kyr, and the mass scale (right y-axis) is based 

on initial core mass -(0) = 1.05	-⨀. A vertical line indicates the adopted boundary between 

evolutionary stages 0 and I, when the protostar and envelope masses are equal, and between stages 

I and II, when the envelope mass is zero.   

 

 In Figure 8, the  SFE is 0 = 0.44, within the standard range of SFE values.  The protostar 

mass at the end of stage 0 is 0.28 -⨀, the final protostar mass is 0.46 -⨀, and the final outflow 

mass is 0.59 -⨀.  The evolutionary stage boundaries are at E8 = 41 kyr and EK = 	103 kyr, and the 

stage durations are  ∆E8 = 41 kyr and ∆EK = 62 kyr. 

 

4.  Outflow Opening Angles  

 This section estimates final opening angles A&'$ of observed outflow cavities. It derives 

the cavity volume fraction for power-law cavity shapes, and relates the volume fraction to 

estimates of the SFE.  It uses these results to predict the opening angle evolution for an expanding 

paraboloidal cavity.  

 

4.1.  Outflow Mass to Volume Ratio 
 As noted in Section 2.2, the  SFE can be written in terms of the final outflow mass fraction 

U&BC,$  as 

 

      0 = 1 − U&BC,$  .   (17) 

 

Equation (17)  assumes that the envelope loses mass only to the protostar and to the outflow, and 

that it does not gain mass once the infall and outflow begin.  If so, the final outflow mass fraction 

must be U&BC,$ = 0.5 − 0.7 for consistency with the standard estimates of 0 = 0.3 − 0.5. 

 Direct estimation of the mass outflow fraction U&BC,$ from line observations has 

uncertainties in molecular abundance and excitation, line optical depth, and confusion between 
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time as in Z19.  Section 5 compares predicted  masses, efficiencies, class durations, and outflow 

angles with observations.  Section 6 summarizes the model. Section 7 discusses and interprets the 

results, and section 8 presents the conclusion.   

 

2.   Infall-Outflow Model 
This infall-outflow model (hereafter "IO model") is an idealized description of a low-mass 

star-forming dense core, with typical initial mass 1	-⨀, temperature 10	K, and radius 6.5 × 10% 

au.  Its mass components include the infalling envelope, the protostellar star-disk system, and the 

諸量を の形で与えるから 

 や のかたちの結果ばかりに 
なっているのか？ 

さらに の与え⽅がよくわからないので、 
緩和時間を恣意的に与えて、モデル結果を 

サーベイ研究の結果にあわせているように⾒える。

dx
dt

= − x
τd

1 − e−t/τd e−t/τd

τd
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ABSTRACT

Filamentary structures are often identified in column density maps of molecular clouds, and appear to be important
for both low- and high-mass star formation. Theoretically, these structures are expected to form in regions where
the supersonic cloud-scale turbulent velocity field converges. While this model of filament formation successfully
reproduces several of their properties derived from column densities, it is unclear whether it can also reproduce their
kinematic features. We use a combination of hydrodynamical, chemical and radiative transfer modelling to predict the
emission properties of these dynamically-forming filaments in the 13CO, HCN and N2H+ J = 1 � 0 rotational lines.
The results are largely in agreement with observations; in particular, line widths are typically subsonic to transonic,
even for filaments which have formed from highly supersonic inflows. If the observed filaments are formed dynamically,
as our results suggest, no equilibrium analysis is possible, and simulations which presuppose the existence of a filament
are likely to produce unrealistic results.

Key words: astrochemistry – stars: formation – ISM: molecules – ISM: clouds – ISM: structure

1 INTRODUCTION

Molecular clouds, the birthplaces of stars, are typically fila-
mentary in nature (see Pineda et al. (2022) and Hacar et al.
(2022) for recent reviews). The majority of prestellar cores,
the objects expected to eventually form a star or stellar sys-
tem, are observed to be associated with filaments (Könyves
et al. 2015, 2020), suggesting that these filaments may play
a significant role in star formation. Filaments may fragment
and thus subsequently form these cores (e.g. Clarke et al.
2017), and channel accreting material onto them (Peretto
et al. 2013; Anderson et al. 2021). They may be formed by the
interaction between gas dynamics and magnetic fields (Pat-
tle et al. 2021; Arzoumanian et al. 2021). Understanding the
formation of these structures is therefore necessary in order
to understand star formation.
In hydrodynamical simulations of molecular clouds, fil-

amentary structures form naturally as a result of super-
sonic turbulence (Kirk et al. 2015; Federrath 2016; Priestley
& Whitworth 2020), as regions where the turbulent veloc-
ity field converges tend to produce elongated overdensities
which manifest as filaments in projected maps of the column
density. This formation mechanism reproduces many of the
observationally-derived properties of filaments in molecular
clouds (Priestley & Whitworth 2022): the typical width of
⇠ 0.1 pc (Arzoumanian et al. 2011, 2019); the detailed shape
of the width distribution (Panopoulou et al. 2017; Arzouma-
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nian et al. 2019); the relatively flat density profiles (com-
pared to an isothermal filament in hydrostatic equilibrium;
Palmeirim et al. 2013; Whitworth et al. 2021); and the lack of
correlation between peak surface density and filament width
(Arzoumanian et al. 2011, 2019).
The agreements between theory and observation outlined

above all rely on column densities derived from submillime-
tre dust continuum observations. These column densities rely
on assumptions such as a uniform line-of-sight grain tem-
perature, which may not be the case in reality, and could
substantially distort the results (Howard et al. 2019, 2021).
Confusion between overlapping line-of-sight structures can
also a↵ect the inferred filament properties (e.g. Juvela et al.
2012). Dynamical properties of filaments derived from molec-
ular line emission, such as sub- to transonic molecular line
widths (Arzoumanian et al. 2013; Hacar et al. 2013, 2018;
Suri et al. 2019), are not obviously consistent with a picture
of filaments forming via supersonic turbulent flows. In this
paper, we investigate the predicted line emission from such a
model, and thereby establish the viability of this picture as a
description of real filaments.

2 METHOD

We consider a hydrodynamical model of filament formation in
a cylindrically-symmetric converging flow. A full description
is given in Priestley & Whitworth (2022); we briefly sum-
marise the key features here. The initial state of the model is
a uniform-density cylinder of isothermal gas, described by two
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乱流convergによるフィラメント形成モデルが, 運動学的な特徴も再現できるかどうか？ 
 Highly超⾳速のガス流⼊で形成されたフィラメントであっても, 13CO, HCN, N2H+輝線幅は、典型的には亜⾳速から遷⾳速.  
観測されたフィラメントが, このシミュレーションのように動的に形成されたものであれば,  
•平衡解析は不可能であり,  
•フィラメントの存在を前提としたシミュレーションは, ⾮現実的な結果である可能性が⾼い. 
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